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We propose to probe the electroweak sy~~etry-breaking sector by measuring the effective cou-
plings of the top quark to gauge bosons. Using precision CERN LEP data, we constrain the nonuni-
versal couplings of t-t-Z and t-b-R', parametrimed by +I, , @&, xL and rc&, in the electroweak
chiral Lagrangian &amework. DifFerent scenarios of electroweak symmetry breaking will imply dif-
ferent correlations among these parameters. We Snd that at the order of m& ln A, in which A 4me

is the cutofF scale of the efFective theory, ~1, is already constrained by LEP data. In models with an
approximate custodial symmetry, a positive ~1. is preferred. N'& can be constrained by studying
the direct detection of the top quark at the Fermilab Tevatron and the CERN LHC. At the NLC,

and N'& can be better measured.

PACS number(s): 14.65.Ha, 11.30.+c, 14.70.—e, 12.15.—y

X. INTRODUCTION AND MOTIVATIONS

Despite the success of the standard model (SM) [1,2],
there is little faith that the SM is the 6nal theory. The
reasons behind this are fundamental and basic [3], e.g. ,
the SM contains many arbitrary parameters with no ap-
parent connections. In addition, the SM provides no sat-
isfactory explanation for the symmetry-breaking mech-
anism which takes place and gives rise to the observed
mass spectrum of the gauge bosons and fermions. In
this paper, we study how to use the top quark to probe
the origin of the spontaneous symmetry breaking and the
generation of fermion masses.

There are strong experimental and theoretical argu-
ments suggesting the top quark must exist [4]; e.g. , from
the measurement of the weak isospin quantum number
of the left-handed b quark we know the top quark has
to exist. From the direct search at the Tevatron, assum-
ing SM top quark, mt has to be larger than 131 GeV
[5]. Recently, data were presented by the CDF group at
Fermilab to support the existence of a heavy top quark
with mass mt ~ 174 6 20 GeV [6]. Furthermore, studies
on radiative corrections concluded that the mass (mt) of
a standard top quark has to be less than 200 GeV [1].
However, there are no compelling reasons to believe that
the top quark couplings to light particles should be of the
SM nature. Because the top quark is heavy relative to
other observed fundamental particles, one expects that
any underlying theory at high energy scale A && m~ will
easily reveal itself at low energy through the effective in-
teractions of the top quark to other light particles. Also
because the top quark mass is of the order of the Fermi

—X/2
scale + = (j2Gp) = 246 GeV, which characterizes
the electroweak symmetry-breaking scale, the top quark
may be a useful tool to probe the symmetry-breaking
sector. Since the fermion mass generation can be closely
related to the electroweak symmetry breaking, one ex-
pects some residual e8'ects of this breaking to appear in
accordance with the generated mass [7,8]. This means
new eHects should be more apparent in the top quark

sector than any other light sector of the theory. There-
fore, it is important to study the top quark system as a
direct tool to probe new physics effects [4].

Undoubtedly, any real analysis including the top quark
cannot be completed without actually discovering it. In
the SM, which is a renormalizable theory, the couplings
of the top quark to gauge bosons are fixed by the lin-
ear realization of the gauge symmetry SU(2)~ x U(1)y.
However, the top quark mass remains a free parameter
in the theory (SM). If the top quark is not a SM quark,
then in addition to the unknown top mass, the couplings
of the top quark to gauge bosons are not known. Also,
the effective theory describing the top quark interactions
at low energy can be non-renormalizable. Therefore, to
conclude the properties of the top quark from the radia-
tive corrections is less vital and predictive. Still, preci-
sion data at this stage are our best hope to look for any
possible deviation in the top quark sector &om the SM.

The goal of this paper is to study the couplings of the
top quark to gauge bosons &om the precision data at the
CERN e+e collider LEP and examine how to improve
our knowledge about the top quark at the current and
future colliders. Also we will discuss how to use this
knowledge to probe the symmetry-breaking mechanism.

Generally one studies a specific model (e.g. , a grand
unified theory) valid up to some high energy scale and
evolves that theory down to the electroweak scale to com-
pare its predictions with the precision LEP data [8—10].
Such an approach provides a consistent analysis for low

energy data. In addition to such a model by model
study, one can incorporate new physics eHects in a model-
independent way formulated in terms of either a set of
variables [ll—14] or an effective Lagrangian [15—17]. In
this paper, we will adopt the latter approach. We simply
address the problem in the following way. Ass»me there
is an underlying theory at some high energy scale. How
does this theory appreciably manifest itself at low energy'
Because we do not know the shape of the underlying the-
ory and because a general treatment is usually very com-
plicated, we cannot provide a satisfying answer. Still,
one can get some crude answers to this question based
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and the Next Linear Collider (NLC) [24]. (We use the
NLC to represent a generic e e+ supercollider. )

The rest of this work is organized as follows. In Sec. II
vre provide a brief introduction to the chiral Lagrangian
with an emphasis on the top quark sector. In Sec. III
we present the complete analysis of the top quark inter-
actions vrith gauge bosons using LEP data for various
scenarios of symmetry-breaking mechanism. In Sec. IV
we discuss the heavy Higgs limit (mJr ) mq) in the SM
model as an example of our proposed efFective model at
the top quark mass scale. In Sec. V we discuss hovr
the SLC, Tevatron, LHC, and NLC can contribute to the
measurement of these couplings. Some discussion and
conclusions are given in Sec. VI.

II. INTRODUCTION TO THE CHIRAL
LAGRANGIAN

The chiral Lagrangian approach has been used in un-
derstanding the low energy strong interactions because it
can systematically describe the phenomenon of sponta-
neous symmetry breaking [20]. Recently, the chiral La-
grangian tec~mque has been vridely used in studying the
electroweak sector [16,23,25—29], to which this work has
been directed.

The chiral Lagrangian can be constructed solely on
symmetry vrith no other assumptions regarding explicit
dynamics. Thus, it is the most general efFective La-
grangian that can accommodate any truly fundamental
theory possessing that symmetry at low energy. Since
one is interested in the low energy behavior of such a
theory, an expansion in powers of the external momen-
t»m is performed in the chiral Lagrangian [21].

In general one starts from a Lie group G which breaks
dovrn spontaneously into a subgroup H, hence a Gold-
stone boson for every broken generator is to be intro-
duced [22]. Consider, for example, G = SU(2)z x U(1)&
and H = U(l), . There are three Goldstone bosons gen-
erated by this breakdown, P, a = 1, 2, 3 which are even-
tually eaten by W+ and Z and become the longitudinal
degree of freedom of these gauge bosons.

The Goldstone bosons transform nonlinearly under G
but linearly under the subgroup H. A convenient vray to
handle this is to introduce the matrix Beld

Z = exp
/

i
v. ) '

where x, a = 1,2, 3 are the Pauli matrices normalized
as Tr(~ 7 ) = 2b~s. Because of U(1), invariance vq ——

v2 ——v, but is not necessarily equal to v3. The matrix
Beld Z transforms under G as

P.nr l
exp

I

i
I

~ exp
I

—iy2) & 2) (2)

vrhere n ' ' and y are the group parameters of G.
In the SM, being a special case of the chiral La-

grangian, v = 246 GeV is the vacuum expectation value
of the Higgs boson field. Also v3 ——v arises &om the

on a few negotiaMe ar~~ments suggested by the status of
low energy data vrith the application of the electrovreak
chiral Lagrangian.

It is generally believed that new physics is likely to
come in via processes involving longitudinal gauge bosons
(equivalent to Goldstone bosons) and/or heavy fermions
such as the top quark. One commonly discussed method
to probe the electroweak symmetry sector is to study the
interactions among the longitudinal gauge bosons in the
TeV region. Tremendous work has been done in the liter-
ature [18]. However, this is not the subject of this paper.
As we argued above, the top quark plays an important
role in the search for new physics. Because of its heavy
mass, nevr physics will feel its presence easily and eventu-
ally may shovr up in its couplings to the gauge bosons. If
the top quark is a participant in a dynamical symmetry-
breaking mechanism, e.g., through the tt condensate (top
mode standard model) [19]which is suggested by the fact
that its mass is of the order of the Fermi scale v, then
the top quark is one of the best candidates for search of
new physics.

An attempt to study the nonnniversal interactions of
the top quark has been carried out in Ref. [7] by Pec-
cei et aI. Hovrever, in that study only the vertex t-t-Z
was considered based on the ass»option that this is the
only vertex which gains a significant modification due
to a speculated dependence of the coupling strength on

the fermion mass: ~;~ & 0 ( ' '
~, where ~;~ param-

)
eterizes some new dimensional —four interactions among
gauge bosons and fermions i and j. However, this is not
the only possible pattern of interactions, e.g., in some ex-
tended technicolor models [8] one finds that the non»m-
versal residual interactions associated with the vertices
bL, bL, Z, -tl;-tr, Z, and tl, bl-, Wto be-of-the same order.
In Sec. IV we discuss the case of the SM vrith a heavy
Higgs boson (m~ )mq) in which we find the size of the
non»~iversal effective interactions tI;tI,-Z and tL,-bL,-R"
to be of the same order but vrith a negligible bl, -bl, -Z
efFect.

Here is the outline of our approach. First, we use the
chiral Lagrangian approach [20—23] to construct the most
general SU(2) I, x U(1)y invariant efFective Lagrangian in-
cluding up to dimension-four operators for the top and
bottom quarks. Then we deduce the SM (with and with-
out a scalar Higgs boson) from this Lagrangian, and
only consider new physics efFects which modify the top
quark couplings to gauge bosons and possibly the vertex
bl, -bl, -Z. With this in hand, vre perform a comprehen-
sive analysis using precision data from LEP. We include
the contributions from the vertex t-b-S' in addition to
the vertex t-t-Z, and discuss the special case of having
a comparable size in b-b-Z as in t-t-Z. Second, we build
an effective model vrith an approximate custodial sym-
metry (p 1) connecting the t t Zand t bWco-u-plings. --
This reduces the n»aber of parameters in the effective
Lagrangian and strengthens its structure and predictabil-
ity. After examin~~g what vre have learned from the LEP
data, we study how to improve our knowledge on these
couplings at the SLAC Linear Collider (SLC), the Fermi-
lab Tevatron, the CERN Large Hadron Collider (LHC),
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approximate custodial symmetry in the SM. It is this
symmetry that is responsible for the tree-level relation

M~P= =1
Mz cosew

in the SM, where 0~ is the electroweak mixing angle.
In this paper, we assume the full theory guarantees that
Vy = V2 = V3 = V.

Out of the Goldstone bosons and the gauge boson fields
one can construct the bosonic gauge invariant terms in
the chiral Lagrangian

heavy fermions, there can be a substantial impact on
the Cabibbo-Kobayashi-Maskawa (CKM) matrix element
Vqg. To be discussed below, this efFect is electively in-
cluded in the new nonstandard couplings of t-b-lV.

Following Ref. [25], define

Z„=——Tr(~ ZtD„Z),

which transforms under G as

Qgy = ——W„„W""— B„„B—""+ vTr—(D„ZtD"Z),

(4) where

(12)

where the covariant derivative
2

(5) In the unitary gauge Z = 1 we have

(13)

In the unitary gauge Z = 1, one can easily see how the
gauge bosons acquire a mass. In Eq. (3), M~ = gu/2 is
the mass of W„+= (W„piW„)/~2),Mz ——gu/2/cos eiv
is the mass of Z„=cos 8~%'„—sin8grB„. The photon
field will be denoted as A„=sin 8~W„+«»~&„.

Fermions can be included in this context by ass»ming
that they transform under G = SU(2)& x U(l)& as [25]

g3
2 cos 8' '

Consider the interaction terms up to dimension-four
for the t and b quarks. From Eqs. (7) and (9) we denote

c=ZFI, = t'fi&

(f2) I,
(7)

with Qt, —Qy, = 1. One can easily show that O'L, trans-
forms under G linearly as

where Qy is the electromagnetic charge of f
Out of the fermion fields fi, f2 and the Goldstone

bosons matrix field Z the usual linearly realized fields
4 can be constructed. For example, the left-handed
fermions [SU(2)& doublet] are constructed as

(t = FL, + FR
Eb)

with fi ——t and f2 ——b. The SM Lagrangian can be
deduced &om

. , (Y v'l
Zp ——Fig" 8„—ig'

~

—+ —
~
B„F—FMF(2 2)

—FLP"7. FLZ„+Zgy, (17)

where Y' = 1/3 and M is a diagonal mass matrix

4L M@L=gC'L,

where g = exp(i 2 ) exp(i$) E G. Linearly realized
right-handed fermions @~ [SU(2)& singlet] simply coin-
cide with FR. i.e.,

@a=Fa=
/

&fi)
&f2) a

Out of those fields with the specified transformations it
is straightforward to construct a Lagrangian which is in-
variant under SU(2)& x U(l)&.

Since the interactions among the light fermions and
the gauge bosons have been well tested to agree with
the SM, we only consider new interactions involving the
top and bottom quarks. We ignore all possible mixing
of the top quark with light fermions in these new inter-
actions. In case there exists a fourth generation with

is invariant under G, and the electric charge of
fermions is given by Y'/2+ T, where T is the weak
isospin quant»~ ru~mber. Taking advantage of the chi-
ral Lagrangian approach, additional nonstandard inter-
action terms, invariant under G, are allowed [25]

= -KL tLVPtLzp —KR tR~PtRzpNC g 3 NC gs 3

v2~1, tl, p"bl, Z„+——v 2~L fbi, p"tI,Z„
v2~R t~p"bIiZ„+——~2~~ b~p"t~Z„,

where x&, ~R are two arbitrary real parameters, eL
are two arbitrary complex parameters, and the su-

perscripts NC and CC denote neutral and charged cur-
rents, respectively. In the»~notary gauge we derive the fol-
lowing nonstandard terms in the chiral Lagrangian with
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SU(2) x U(1)the symmetry

t ~I p" (1 —ps) + ~~ p" (1 + ps) t Z„
4 cos 8~

t ~~+ p"(1 —ps) + ~Ji p"(I+p5) bW+

b ~I g"(I —ps) + mR p" (1+7s) t W„.
2 2

(20)

A few remarks are in order regarding the Lagrangian
8 in Eqs. (19) and (20).

(1.) In principle, 8 can include nonstandard neutral
currents bi,p„bL,and b~p„b~ For. the left-handed neutral
current bl, p„bl,we discuss two cases.

(a) The efFective left-handed vertices tr, tr, Z,--
tl, -bl, -lV, and bl, -bI,-Z are comparable in size as in some
extended tec&»color models [8]. In this case, the top
quark contribution to low energy observables is of higher
order through radiative corrections; therefore, its contri-
bution will be suppressed by 1/16 z. In this case, as we
will discuss in the next section, the constraints derived
from low energy data on the nonstandard couplings are so
stringent (of the order of a few percent) that it would be
a challenge to directly probe the nonstandard top quark
couplings at the Tevatron, the LHC, and the NLC.

(b) The efFective left-handed vertex br, br, Zis -sm-all as
compared to the t t Zand -t -bWver-ti-ces. We will devote
most of this work to the case where the vertex bL, -bl, -Z
is not modified by the dynamics of the symmetry break-
ing. This ass»option leads to interesting conclusions to
be seen in the next section. In this case one needs to
consider the contributions of the top quark to low energy
data through loop efFects. A specific model with such
properties is given in Sec. IV.

(2) We shall assn»e that bg b~ Zis n-ot -modified

by the dynamics of the electroweak symmetry breaking.
This is the case in the extended technicolor models dis-
cussed in Ref. [8]. The model discussed in Sec. IV is
another example.

(3) The right-handed charged current contribution ~pc
in Eqs. (19) and (20) is expected to be suppressed by the
bottom quark mass. This can be understood in the fol-
lowing way. If b is massless (ms ——0), then the left-
and right-handed b fields can be associated with different
global U(l) quantum nn»bers. [U(1) is a chiral group,
not the hypercharge group. ] Since the underlying the-
ory has an exact SU(2)1, x U(1)& sym»etry at high en-

ergy, the charged currents are purely left-handed before
the symmetry is broken. After the symmetry is spon-
taneously broken and for a massless b the U(1) symme-
try associated with b~ remains exact (chiral invariant)
so it is not possible to generate right-handed charged
currents. Thus e& is usually suppressed by the bot-
tom quark mass although it could be enhanced in some
models with a larger group 0, i.e., in models containing
additional right-handed gauge bosons.

We find that in the limit of ignoring the bottom
quark mass, ~R does not contribute to low energy data
through loop insertion at the order mq lnA, therefore

we cannot constrain N;& kom the LEP data. However,
at the Tevatron and the LHC e& can be measured by
studying the direct detection of the top quark and its
decays. This will be discussed in Sec. V.

It is worth mentioning that the photon does not partic-
ipate in the new nonuniversal interactions as described in
the chiral Lagrangian 8 in Eq. (20) because the U(l),
symmetry remains an exact symmetry of the efFective
theory. Using Ward identities one can show that such
norm»versal terms should not appear. To be precise,
any new physics can only contribute to the nniversal in-
teractions of the photon to charged fields. This eEect can
simply be absorbed in redefining the electromagnetic fine
structure constant a, hence no new t-t-A or b-5-A inter-
action terms will appear in the efFective Lagrangian after
a proper renormalization of a.

Here is a final note regarding the physical Higgs bo-
son. It is known that the gauge bosons acquire masses
through the spontaneous symmetry-breaking mechanism.
In the chiral Lagrangian this can be seen Rom the last
term in Cz [see Eq. (4)], which only involves the gauge
bosons and the unphysical Goldstone bosons. This in-
dicates that the chiral Lagrangian can account for the
mass generation of the gauge bosons without the actual
details of the symmetry-breaking mechanism. Further-
more, the fermion mass term is also allowed in the chiral
Lagrangian,

mg, f;f;—, . (21)

because it is invariant under 0, where the fermion field

f; transforms as in Eq. (6).
From this it is clear the Higgs boson is not necessary in

constructing the low energy eHective Lagrangian. Indi-
cating that the SM Higgs mechanism is just one example
of the possible spontaneous symro. etry-breaking scenarios
which might take place in nature. Still, a Higgs boson
can be inserted in the chiral Lagrangian as an additional
field [SU(2)L, x U(1)& singlet] with arbitrary couplings
to the rest of the fields. To retrieve the SM Higgs boson
contribution at tree level, one can simply substitute the
fermion mass my by gyv and v by v+ H, where gy is the
Yukawa coupling for fermion f and H is the Higgs boson
field. Hence, we get the scalar sector Lagrangian

1 1
Z~ = -ct Ha&H —-m~H' —V(a)P 2

+ 'asrT ~'a„z'a~a) + -'H-*T (a„zta~z),
(22)

where V(JI) describes the Higgs boson self-interaction.
The coefficients of the last two terms in the above equa-
tion can be arbitrary for a chiral Lagrangian with a scalar
Geld other than the SM Higgs boson.

In this analysis we will discuss models with and with-
out a Higgs boson. In the case of a light Higgs boson
(mjr ( mq) we will include the Higgs boson field in the
chiral Lagrangian as a part of the light fields with no new
physics being associated with it. In the case of a heavy
Higgs boson (m~ ) mq) in the full theory, we assiI»e the
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Higgs boson Seld has been integrated out aad its efFect
on low energy physics can be thought of as a new heavy
physics eHect which is already included in the efFective
couplings of the top quark at the scale of m~. Finally, we
will consider the possibility of a spoataneous symmetry-
breakiag scenario without including a SM Higgs boson
in the full theory. In this case we consider the efFects on
low energy data &om the new physics parametrized by
the nonstandard interaction terms in l: in Eq. (20) and
contributions kom the SM without a Higgs boson.

III. THE TOP QUARK COUPLINGS TO GAUGE
BOSONS

eg (10 ) = 4.4+ 7.0. (24)

The SM contribution to es is calculated in Refs. [12,13],
e.g. , for a 150 GeV top quark,

ei, (10 ) = —4.88 . (25)

The contribution kom K to eg is

6g = —K. (26)

Within a 95%%uo confidence level (C.L.), from ~i, we find
that

—22.9 & e (10 ) & 4.4. (27)

As an example, the simple commuting extended tech-
nicolor model presented in Ref. [8] predicts that

1 2m'
2 4zrv

(28)

where g is of order l. Also in that model the top quark
couplings +Pc, mgc and K&+c, as defined in Eqs. (19) and

As we discussed in the previous section, one possibility
of new physics efFects is the modification of the vertices
b-b-Z, t-t-Z, and t-b-W in the efFective Lagrangian by
the same order of magnitude [8]. In this case, only the
vertex b-b-Z can have large contributions to low energy
data while, based on the dimensional counting method,
the contributions from the other two vertices t-t-Z and
t-b-W are suppressed by 1/16xz due to their insertion in
loops.

In this case, one can use I s (the partial decay width
of the Z boson to bb) to constrain the bbZcou-p-ling.
Denote the nontandard b-b-Z vertex as

g
&~~(1 —»)4«s ~w

which is purely left handed. In some extended techm-
color models, discussed in Ref. [8], this nonstandard ef-
fect arises from the same source as the mass generation
of the top quark, therefore e depends on the top quark
xIlass.

As we w'ill discuss later, the aonuniversal contribution
to I'p is parametrized by a measurable parameter denoted
as es [12—14] which is measured to be [12]

(20), are of the same order as e. For a 150 GeV top
quark, this model predicts

r. (10 ) = 24.3$ (29)

Hence, such a model is likely to be excluded using 1ow

energy data.
We will devote the subsequent discussioa to models

in which the nonstandard b-b-Z coupling can be ignored
relative to the t-t-Z and t-6-R' couplings. In this case
one needs to study their e8'ects at the quaat»m level,
i.e., through loop insertioa. We will Grst discuss the gen-
eral case where no relations between the couplings are
ass»wed. Later we will impose a relation between x&+

and )chic which are defined in Eqs. (19) and (20) using an
efFective model with an approximate custodial symmetry.

A. Ceneral case

The chiral Lagrangian in general has a complicated
structure and many arbitrary coefBcients which weaken
its predictive power. Still, with a few further assump-
tioas, based on the status of present low energy data,
the chiral Lagrangian can provide a useful approach to
confine the coefficients parametrizing new physics effects.

Ia this subsectioa we provide a general treatment for
the case under study with minimal imposed assumptions
in the chiral Lagrangian. In this case, we only impose
the assnmption that the vertex b-b-Z is not modified by
the dynamics. In the chiral Lagrangian 8, as defined in
Eqs. (19) and (20), there are six independent parameters
(e's) which need to be constrained using precision data.
Throughout this paper we will only consider the inser-
tion of K's once in one-loop diagrams by assumiag that
these aoastaadard coupliags are small; x& &

& 1. At
the one-loop level the imaginary parts of the couplings
do not contribute to those LEP observables of interest.
Thus, hereafter we drop the imaginary pieces from the
efFective couplings, which reduces the number of relevant
parameters to four. Since the bottom quark mass is small
relative to the top quark mass, we find that re)+ does not
contribute to low energy data up to the order m&2 ln A
in the ms ~ 0 limit. With these observations we con-
clude that oaly the three parameters el c, ~NR, and e&
can be constrained.

A systematic approach can be implemeated for such
an analysis based on the scheme used in Refs. [12—14],
where the radiative corrections can be parametrized by 4
independent parameters, three of those parameters eq, e2,
and es are proportional to the variables S, U, and T [11],
and the fourth one; eg is due to the Glashow-Iliopoulos-
Maiani- (GIM-) violating contribution in Z ~ bb [12].

These parameters are derived &om four basic measured
observables, I'~ (the partial width of Z to a charged lep-
ton pair), A~+& (the forward-backward asymmetry at the
Z peak for the charged lepton E), Miv/Mz, and I's (the
partial width of Z to a bb pair). The expressions of these
observables in terms of ~'s are given in Ref's. [12,13]. In
this paper we only give the relevant terms in e's which
might contain the leading efFects &om new physics.
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6'y = ey —e5

E'2 = e2 —c es2

t.3 ——e3 —c es,2 (33)

~s = es& (34)

where

ass(0) —X"(0)
M2 '7

W

e, = Z"(Mw) —+"(Mz) (36)

We denote the vacu»m polarization for the W, W,
Ws, and B gauge bosons as

II'~„„(q)= —ig„„A'~(0) + q F'~ (q ) + q„q„terms,

(30)
where 4 g 1y 2 3y 0 for W, W, W, and B, respec-
tively. Therefore,

To perform calculations using the chiral Lagrangian,
one should arrange the contributions in powers of I/4wv
and then include all diagrams up to the desired power.
In the Rg gauge (Z g 1), the couplings of the Gold-
stone bosons to the fermions should also be included in
Fey~man diagram calculations. These couplings can be
easily found by expanding the terms in l: as given in
Eq. (19). We will not give the explicit expressions for
those terms here. Some of the relevant Feynman dia-
graxns are shown in Fig. 1. Calculations were done in
the 't Hooft —Fey~man gauge. We have also checked our
calculations in both the Landau gauge and the»nitary
gauge and found agreement as expected.

We calculate the contribution to eq and es due to
the new interaction terms in the chiral Lagrangian [see
Eqs. (19) and (20)] using the dimensional regularization
scheme and twang the bottom mass to be zero. At the
end of the calculation, we replace the divergent piece 1/e
by in(A /m, ) for e = (4 —n)/2 where n is the space-
time dimension. Since we are mainly interested in new
physics associated with the top quark couplings to gauge
bosons, we shaQ restrict ourselves to the leadiny contri-
bution enhanced by the top quark mass, i.e., of the oder
of YYL2 lnA2

We find

es ———FM(M2)
S

Gp A2
3m2( ~Nc + ~Nc + ~cc) lnt l R L m2 (41)

(38)

and c =—cos8~,

1/2
4~a(Mz)

2 ( ~2gyMz
(39)

and ss = 1 —c2. es is defined through the GIM-violating
S -+ bb vertex

(40)
z

eq depends quadratically on mt [12,13] and has been
measured to good accuracy, therefore eq is sensitive to
any new physics coming through the top quark. On the
contrary, e2 and es do not play any significant role in
our analysis because their dependence on the top mass is
only logarithmic.

Nonrenormalizability of the efFective Lagrangian
presents a major issue of how to find a schexne to handle
both the divergent and the finite pieces in loop calcu-
lations [30,31]. Such a problem arises because one does
not know the underlying theory; hence, no matching can
be performed to extract the correct scheme to be used
in the efFective Lagrangian [15]. One approach is to as-
sociate the divergent piece in loop calculations with a
physical cutofF A, the upper scale at which the effective
Lagrangian is valid [25]. In the chiral Lagrangian ap-
proach this cutofF A is taken to be 4mv 3 TeV [15].
For the finite piece no completely satisfactory approach
is available [30].

t, b

b

FIG. 1. Some of the relevant Feynman diagram~~ in the
't Hooft —Feynman gauge, vrhich contribute to the order
o(m, lnA ).
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2 1 NC NC~
m,

~

—~~ ++~ ~ln
2 2m' g 4 m~

(42)

o. '(Mz2)

Gy

Mz
Mw/Mz

r,
r,

+FB
+FB

128.87,
1.166372 x 10 GeV

91.187 + 0.007 GeV,
0.8798 6 0.0028,
83.52 + 0.28 MeV,
383 +6 MeV,
0.0164 + 0.0021,
0.098 6 0.009.

From these values we have [12]

Note that e2 and e3 do not contribute at this order. That
does not contribute to eg up to this order can be un-

derstood from Eq. (20). If e&++ = —1 then there is no

net t-b-R' coupling in the chiral Lagrangian after includ-
ing both the standard and nonstandard contributions.
Hence, no dependence on the top quark mass can be
generated; i.e., the nonstandard eL contribution to es
must cancel the SM contribution when KL 1) inde-
pendently of the couplings of the neutral current. From
this observation and because the SM contribution to es
is finite, we conclude that ego cannot contribute to eg at
the order of interest.

Note that we set the renormalization scale p, to be m~,
which is the natural scale to be used in our study because
the top quark is considered to be the heaviest mass scale
in the eH'ective Lagrangian. We have assumed that all
other heavy fields have been integrated out to modify
the effective couplings of the top quark to gauge bosons
at the scale mq in the chiral Lagrangian. Here we ignore
the effect of the rn~~ing couplings from the top quark
mass scale down to the Z boson mass scale which is a
reasonable approximation for our study.

To constrain these nonstandard couplings we need to
have both the experimental values and the SM predic-
tions of ~'s. First, we tabulate the numerical inputs,
taken from Ref. [12], used in our analysis:

eluded in the eHective couplings of the top quark to gauge
bosons after the heavy Higgs boson Geld is integrated out.
Finally, in a spontaneous symmetry scenario without a
Higgs boson the calculations of e's are exactly the same
as those done in the heavy Higgs boson case except that
the effective couplings of the top quark to gauge bosons
are not due to an ass»~ed heavy Higgs boson in the full

theory.
Choosing mq ——150 GeV and mH ——100 GeV we

span the parameter space defined by —1 & KNI & 1,
—1 & zg & 1, and —1 & ter, & 1. Within 95% C.L.
and including both the SM and the new physics contri-
butions, the allowed region of these three parameters is

found to form a thin slice in the specified volume. The
two —dimensional projections of this slice are shown in
Figs. 2, 3, and 4. These nonstandard couplings (e's) do
exhibit some interesting features.

(1) As a function of the top quark mass, the allowed
volume for the top quark couplings to gauge bosons
shrinks as the top quark becomes more massive.

(2) New physics prefers positive elc, see Figs. 2 and
3. +Nlc is constrained within —0.3 to 0.6 (—0.2 to 0.5)
for a 150 (175) GeV top quark.

(3) New physics prefers tcrcc P—t&+. This is clearly
shown in Fig. 4 which is the projection of the allowed
volume in the plane containing ~& and ~1,

In Ref. [7], a similar analysis has been carried out by
Peccei et aI,. However, in their analysis they did not in-

clude the charged current contribution and assumed only
the vertex t-t-Z gives large nonstandard eKects. The al-
lowed region they found simply corresponds, in our anal-

ysis, to the region defined by the intersection of the al-
lowed volume and the plane +Pc = 0. This gives a small
area confined in the vicinity of the line e&+c = mgc. This
can be understood from the expression of ~q derived in
Eq. (41). After setting e+&c = 0 we find

In this case we note that the length of the allowed area
is merely determined by the contribution from ep. We

ei (10 ) = —0.3+ 3.4,
ea(10 ) =44+70~

and for completeness

eg (10 ) = —7.6 + 7.6,..(10') = 0.4 + 4.2.

1.0 —8 D projection
mt~150 GeV
m+=100 GeV

0.5—

0.0—

I I I

I

I I I I

I

I I F I

I

I

The SM contribution to e's have been calculated in
Ref's. [12,13]. We will include these contributions in our
analysis in accordance with the assumed Higgs boson
mass. In the light Higgs boson case (m~ & mq), the
calculated values of the ~'s include both the SM contri-
bution calculated in Refs. [12,13] and the new physics
contribution derived from the effective couplings of the
top quark to gauge bosons. In the heavy Higgs boson
case (mH ) mq) we subtract the Higgs boson contribu-
tion &om the SM calculations of e's given in Refs. [12,13].
In this case, the Higgs boson contribution is implicitly in-

—0.5—

I

—1.0
I

—0.5
I , , I. . . , I,

0.5 1.0
I

0.0
KC

FIG. 2. Two-dimensional projection in the plane of ai,
and ~R, for m~ ——150 GeV, mH = 100 GeV.
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1.0 —2 D projection
mt=150 GeV

mz 100 GeV

0.5—

0.0—

-0.5—

—1.0—
I

-1.0
I I I I I I I I I I I I I I I I I

-0.5 0.0 0.5
NC

I

1.0

FIG. 3. Two-dimensional projection in the plane of ez
and ]cI. , for mg ——150 GeV, mug

——100 GeV.

will elaborate on a more quantitative comparison in the
second part of this section.

B. Special case

The allowed region in the parameter space obtained
in Figs. 2—4 contains all possible new physics (to the or-
der m~2 lnAz) which can modify the couplings of the top
quark to gauge bosons as described by x&, e& and

In this section we would like to examine a spe-
cial class of models in which an approximate custodial
symmetry is ass»led as suggested by low energy data.

The SM has an additional (accidental) symmetry
called the custodial symmetry which is responsible for
the tree-level relation

MwP= 1 0

Mz cos Hw
(44)

This symmetry is slightly broken at the quantum level
by the SU(2) doublet fermion mass splitting and the hy-

JL, ———iZD„Z ~ gJ-JI,gl, (45)

JR xZ D~Z w g~ JRg~ (46)

where gL, = e' & E SU(2)L and gR = e'" ~ (note that
vs —v in Z). In fact, using either JL, or JR will lead
to the same result. Hence, &om now on we will only
consider J~. The SM Lagrangian can be derived &om

Zp ——@I,ip"D„CL,
+@Rip"D„4R—(@I,ZM@R + H.c.)

percharge coupling g' [32]. Writing p = I + h p, hp would
vanish to all orders if this symmetry is exact. Because
low energy data indicate that bp is very close to zero we
shall therefore ass»~e an underlying theory with a cus-
todial symmetry. In other words we require the global
group SU(2)v associated with the custodial symmetry
to be a subgroup of the full group characterizing the full
theory. We will assume that the custodial symmetry is
broken by the same factors which break it in the SM,
i.e., by the fermion mass splitting and the hypercharge
coupling g'.

In the chiral Lagrangian this ass»mption of a custodial
symmetry sets v3 ——v, and forces the couplings of the top
quark to gauge bosons 6'„to be equal after turning ofF
the hypercharge and assuming mp ——mz. If the dynam-
ics of the symmetry breaking is such that the masses of
the two SU(2) partners t and b remain degenerate then
we expect new physics to contribute to the couplings of
t-t-Z and t-b-W by the same amount. However, in real-
ity, mp (& mg, thus, the custodial symmetry has to be
broken. We will discuss how this symmetry is broken
shortly. Since we are mainly interested in the leading
contribution enhanced by the top quark mass at the or-
der mz lnA, turning the hypercharge coupling on and
ofF will not affect the final result up to this order.

We can construct the two Hermitian operators JL, and
J~, which transform under G as

1.0—

0.5—

I I I

)

I I I l
)

I I I I

)

~ I I I

2 D projection
150 GeV

mg=100 GeV

(47)

where M is a diagonal mass matrix. We have chosen
the left-handed fermion Gelds to be the ones de6ned in
Eq. (7):

0.0— e, —= z~
Eb) I,

(4S)

—0.5—
The right-handed fermion 6elds t~ and b~ coincide with
the original right-handed fields [see Eq. (9)]. Also

—1.0—

—1.0 —0.5
l

0.0
NC

I s i I & g a ~ I a

0.5 1.0

Y
D =8 —igW ——ig B—

gs P p,

D = 8„—ig'B„~—+ —
~

R . t'&

2)

(49)

FIG. 4. Two-dimensional projection in the plane of ~&
and el. , for m~ ——150 GeV, mH ——100 GeV. Note that in the nonlinear realized efFective theories using
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either set of Selds ( 4g ~ or I'I, It) to construct a chiral
Lagrangian will lead to the same S matrix [22].

The Lagrangian Zs in Eq. (47) is not the most gen-
eral Lagrangian one can construct based solely on the
symmetry of G/H. Taking advantage of the chiral La-
grangian approach we can derive additional interaction
terms which deviate from the SM. This is so because
in this formalism the SU(2)r, x U(1)& symmetry is non-
linearly realized and only the U(l), is linearly realized.

Because the SM is so successful one can think of the
SM (without the top quark) as being the leading term in
the expansion of the effective Lagrangian. Any possible
deviation associated with the light fields can only come
through higher dimensional operators in the Lagrangian.
However, this ass»option is neither necessary nor prefer-
able when dealing with the top quark because no precise
data are available to lead to such a conclusion. In this pa-
per we will include nonstandard dimension-four operators

I

with

a

JR JR
2

(51)

Jg = Tr(~ J~) =iTr (vZtD. "E) .

The full operator JR posses an explicit custodial symme-
try when y' = 0 as can easily be checked by expanding it
in powers of the Goldstone boson fields.

Consider first the leS-handed sector. One can add ad-
ditional interaction terms to the Lagrangian Zo

for the couplings of the top quark to gauge bosons. In
fact this is all we will deal with and we will not consider
operators with dimension higher than four. Note that
higher dimensional operators are naturally suppressed by
powers of 1/A.

One can write JR as

Z~ ——~~% I,P„ZJR"Z @I.+ ~~el.P„Z~'JR"Z eI. + r.,el,P„ZJR7-'Z el. ) (53)

where ~q is an arbitrary real parameter and x2 is an
arbitrary complex parameter. Here we do not include
interaction terms such as

K]
Kl = ——K2.

2

In the unitary gauge we get the terms

~3@1,P„Z7.JR7. Z 4I, ,

where x3 is real, because it is simply a linear combination
of the ether two terms in Zq. This can be easily checked
by using Eq. (51) and the commutation relations of the
Pauli matrices. Note that Zq still is not the most general
Lagrangian one can write for the left-handed sector, as
compared to Eq. (19). In fact, it is our insistence on using
the fermion doublet form and the full operator JR that
lead us to this form. For shorthand, Zq can be further
rewritten as

Zi ——@l,p„EKr,J~Z 4r, + O'L, p„ZJnK~Z 41, , (55)

where KL, is a complex diagonal matrix.
These new terms can be generated either through some

electroweak symmetry-breaking scenario or through some
other new heavy physics effects. If mb ——mq and g' = 0,
then we require the effective Lagrangian to respect fully
the custodial symmetry to all orders. In this limit, ~2 ——0
in Eq. (53) and KL, = r i 1, where 1 is the unit matrix and
Ky is real.

Since mb &( mq, we can think of ~2 as generated
through the evolution from mb = mq to mb ——0. Iu.
the matrix notation this implies Kl. is not proportional
to the unit matrix and can be parametrized by

+—2Re(eL )tlap"tL, Z„+ (zl, + ~I, )&rp"bl, W„+
2c 2

(+L, + K'I, )bl p"&I,W„—2Re(rcr—)bl, p"bL,Z„.
2 2c

(59)

tL, tL, Z . KL,+p(1 +5)
g
4c

(60)

tl. —bL, —W: p„(1—p5) .g Kl,

2 22 (61)

Notice the connection between the neutral and the
charged current, as compared to Eq. (20):

As discussed in the previous section, we will assume that
new physics effects will not modify the bl, bl, Zvert-ex. -

This can be achieved by choosing ei ——2Re(r2) such that
Re(+L) vanishes in Eq. (58). Later, in Sec. IV, we will
consider a specific model to support this assumption.

Since the imaginary parts of the couplings do not con-
tribute to LEP physics of interest, we simply drop them
hereafter. With this ass»option we are left with one
real parameter K~& which will be denoted &om now on by
tcL, /2. The left-handed top quark couplings to the gauge
bosons are

with

and

~(~, 0
l~

0 Kl )

]cg

2

(56)

(57)

NC CC
KL = 2KI = Kl, . (62)

This conclusion holds for any underlying theory with an
approximate custodial symmetry such that the vertex
b-b-Z is not modified as discussed above.

For the right-handed sector, the situation is different
because the right-handed fermion fields are SU(2) sin-

glet, hence the induced interactions do not see the full
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operator JJt but its components individually. Therefore,
we cannot impose the previous connection between the
neutral and charged current couplings.

The additional allowed interaction terms in the right-
handed sector are given by

t gl 3 g CC JltR'7 tR JIt + &R tR'7 bR JR
2c 2

fs

g CCt p, — g &Nc
bJtp"tJt JJt„—~It bye"bJt J~„)

2 2c

0.4—

0.2—

0.0—

I

}
I I I I

}
I I I I

}
I I I I

}
I I I I

}
I I

4NC INC
where ~& and e& are two arbitrary real parameters
and Icgc is an arbitrary complex parameter. Note that in
l'.2 we have one more additional coeFicient than we have
in Zi [in Eq. (53)], this is due to our previous assump-
tion of using the full operator J~ in constructing the
left-handed interactions. We assume that the b~-b~-Z
vertex just as the bl, -bl, -Z vertex is not modified, then
the coefficient e& vanishes. Because e& does not con-
tribute to LEP physics in the limit of mg ——0 and at the

iNC
order mi 1nA we are left with one real parameter e&
which will be denoted hereafter as e~. The right-handed
top quark coupling to Z boson is

tR tR Z: e~p (—1+ps) .'
4c

(64)

In the rest of this section we consider models described
by l'.i and l:q with only two relevant parameters ~L, and
eR. Performing the calculations as we discussed in the
previous subsection we find

Gp, ( IcLi} f A' )
2 & imt2) (65)

These results simply correspond to those in Eqs. (41) and
(42) after substituting eP = 2+L, = ~g and z& ——~R.

}.. . , } } a i

-0.25 0.00 0.75
} «& i }

0.25 0.50
KL

FIG. 6. The allowed region of eL, and ~R, for m~ ——175
GeV, mls = 100 GeV. (Note that sr, = sr, ——2zr, and
ICR = sR .)CC

The constraints on eL, and e~ for models with a light
Higgs boson or a heavy Higgs boson, or without a phys-
ical scalar (such as a Higgs boson) are presented here
in order. Let us first consider a standard light Higgs
boson with mass m~ ——100 GeV. Inc1uding the SM con-
tribution from Ref. [12] we span the plane defined by
Ici, and eR for top mass 150 and 175 GeV, respectively.
Figures 5 and 6 show the allowed range for those param-
eters within 95%% C.L. As a general feature one observes
that the allowed range is a narrow area aligned close to
the line el, ——2m~ where for mi ——150 GeV the maxi-
m»m range for eL, is between —0.1 and 0.5. As the top
mass increases this range shrinks and moves downward
and to the right away form the origin (er„+R)= (0,0).
The deviation from the relation tel, ——2~~ for various top
quark masses is given in Fig. 7 by calculating ~L, —2~~
as a function of mi. Note that the SM has the solution
eL, = tcR = 0, i.e., the SM solution lies on the horizon-
tal line shown in Fig. 7. This solution ceases to exist
for mi & 200 GeV. The special relation el. ——2tcR is a
consequence of the assumption we imposed in connecting

0.4—
I

}
I I I I

}
I I I I

}
I I I l

}
I I I I

}
I I 1.0 I I I

}
I I I I I t

0.5—

0.2—

0.0

0.0—
—0.5—

—0.2 I } I I I I } I I I I } I

-0.25 0.00 0.25
CL

I I I } I I I ~ } I I

0.50 0.75
—1.0 I } I I I I } I I I I } I I I I

100 200 300~ [Gev]

FIG. 5. The allowed region of el, and eR, for m~ ——150
GeV, rnlr = 100 GeV. (Note that sr, = sL ——2tcr, and
+R= +RCC

FIG. 7. The allowed range of (el, —2sn) as a function of
the mass of the top quark. (Note that sz, = sr, ——2si and
KR = +RCC
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TABLE I. The con6ned range of the couplings, ~I. and tcR
for various top masses.

mg (GeV )
150
175
200
300

—0.10
—0.05

0.0
0.10

0.50
0.40

0.35
0.25

&R
—0.15
—0.10
—0.05
0.00

0.25
0.20
0.15

0.10

left-handed neutral and charged current. The range of
the allowed couplings is summarized in Table I and for
difFerent top mass.

It is worth mentioning that the SM contribution to e~

is lower than the experimental central value [12,13]. This
is reflected in the behavior of IcL, which prefers being pos-
itive to compensate this difference as can be seen &om
Eq. (66). This means in models of electroweak symme-
try breaking with an approximate custodial symmetry, a
positive ~L, is preferred. In Fig. 8 we show the allowed
e&+c = tel, /2 = Kr, /2 as a function of mt. With new

physics efFects (+L, P 0) mt can be as large as 300 GeV,
although in the SM (tcL, = 0) mt is bounded below 200
GeV.

Now, we would like to discuss the efFect of a light SM
Higgs boson (m~ ( mt) on the allowed range of these
parameters. It is easy to anticipate the effect; since e~

is not sensitive to the Higgs boson contribution up to
one loop [12], the allowed range is only affected by the
Higgs boson contribution to c~ which affects slightly the
width of the allowed area and its location relative to the
line eL, ——2KR. One expects that as the Higgs boson
mass increases the allowed area moves upward. The rea-
son simply lies in the fact that the standard Higgs boson
contribution to eq up to one loop becomes more negative
for heavier Higgs boson, hence 2KR prefers to be larger
than xL, to compensate this efFect. However, this modi6-
cation is not signiacant because eq depends on the Higgs
boson mass only logaritbmically [13].

If there is a heavy Higgs boson (m~ ) mt), then it
should be integrated out &om the full theory and its ef-
fect in the chiral Lagrangian is manifested through the
efFective couplings of the top quark to gauge bosons. In

this case we simply subtract the Higgs boson contribution
from the SM results obtained in Refs. [12,13]. Figure 9
shows the allowed area in the ~1, and KR plane for a 175
GeV top quark in such models. Again we find no no-
ticeable difference between the results &om these models
and those with a light Higgs boson. That is because up
to one loop level neither e~ nor eg is sensitive to the Higgs
boson contribution [12,13].

If we consider a new symmetry-breaking scenario with-
out a fundamental scalar such as a SM Higgs boson, fol-

lowing the previous discussions we again find negligible
effects on the allowed range of ~I, and KR.

What we learned is that to infer a bound on the Higgs
boson mass from the measurement of the efFective cou-
plings of the top quark to gauge bosons, we need very pre-
cise measurement of the parameters el, and xR. However,
from the correlations between the effective couplings (z's)
of the top quark to gauge bosons, we can infer if the
symmetry-breaking sector is due to a Higgs boson or
not; i.e., we may be able to probe the symmetry-breaking
mechanism in the top quark system. Further discussion
will be given in the next section.

Finally, we would like to compare our results with those
in Ref. [7]. Figure 10 shows the most general allowed
region for the couplings z&+c and eNR, i.e., without im-

posing any relation between e& and K&c. This region
is for top mass 150 GeV and is covering the parameter
space —1.o & K~, ]cR & 1.0. We 6nd

Also shown on. Fig. 10 the allowed regions &om our model
and the model in Ref. [7]. The two regions overlap in the
vicinity of the origin (0, 0) which corresponds to the SM
case. As x& & 0.1, these two regions diverge and be-
come separable. One notices that the allowed range pre-
dicted in Ref. [7] lies along the line e&++ = +Nc whereas
in our case the slope is difFerent rl = 2rcg . This dif-
ference comes in because of the assumed dependence of
Kc&e on the other two couplings g&wc and Kw&c

case Kr = icl /2, and in Ref [7] icl, .
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—0.25 0.00 0,25
I I I I I I I 1 1
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FIG. 8. The allowed range of the coupling s,l. = al, /2
= 1cl./2 as a function of the mass of the top quark.

FIG. 9. The allowed region of ~z and xR, for models
without a light Higgs boson. m, ~ ——175 GeV.
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Better future measurements of e's can further discrimi-
nate between different symmetry-breaking scenarios. We
will discuss how the SLC, the Tevatron, the LHC, and
the NLC can contribute to these measurements in Sec.
V. Before that, let us ex~mine a specific model that pre-
dicts certain relations among the coefnjcients +L

, and e& of the effective couplings of the top quark
to gauge bosons.

IV. HE%VV HIGGS LIMIT IN THE SM

-1.0—
I

-1.0
I

-0.5
I I I I I I I

0.0
ss„

I

0.5
I

1.0

FIG. 10. A comparison between our model and the model
in Ref. [7]. The allowed regions in both models are shown on
the plane of el, and tc~, for mg ——150 GeV.

Note that for mq & 200 GeV the allowed region of ~'s in
all models of symmetry breaking should overlap near the
origin because the SM is consistent with low energy data
at the 95% C.L. If we imagine that any prescribed depen-
dence between the couplings corresponds to a symmetry-
breaking scenario, then, given the present status of low
energy data, it is possible to distinguish between differ-
ent scenarios if +PC, egc and +Pc are larger than 10%.

I

The goal of this study is to probe new physics effects,
particularly the effects due to the symmetry-breaking
sector, in the top quark system by examining the cou-
plings of top quark to gauge bosons. To illustrate how
a specific symmetry-breaking mechanism might affect
these couplings, we consider in this section the stan-
dard model with a heavy Higgs boson (mrs ) m|, ) as
the full theory, and derive the effective couplings +PC,
@pc, ~LC+, and ~pc at the top quark mass scale in the ef-
fective Lagrangian after integrating out the heavy Higgs
boson field.

Given the full theory (SM in this case), we can perform
matching between the underlying theory and the effective
Lagrangian. In this case, the heavy Higgs boson mass
acts as a regulator (cutoff) of the effective theory [33].

While setting ms = 0, and only keeping the leading
terms of the order m~ lnm~, we find the effective cou-
plings

g Gp f 1—
t —t —2: —

~
m~7„(1—ps) + —mcpv(1+ ps) I

ln
I4c 2~2 &

g 8 (67)

t —b —W:
~ ~

m, p„(1—ps) ln
~

g Gy (—11, &m2H'l

2 22 2s& (16) ' " gm,') (68)

From this we conclude NC NC
KL = —KR (72)

(m
2v& ' E8) Em ) (69)

sb, ~™~~~
2+2~F8 ' gm,') ' (70)

~„C=O.CC (71)

Note that the relation between the left-handed currents
(el = 2' ) agree with our prediction because of the
approximate custodial symmetry in the full theory (SM)
and the fact that vertex b-b-Z is not modified. The right-
handed currents e& and e& are not correlated, and

vanishes for a massless b. Also note an additional
relation in the effective Lagrangian between the left- and
right-handed effective couplings of the top quark to Z
boson, i.e.,

NC 2~CC NC
KL — KL ——KR (73)

This means only the axial vector current of t-t-Z acquires
a non»mversal contribution but its vector current is not
modified.

As discussed in Sec. II, due to the Ward identities as-
sociated with the photon Geld there can be no nonuniver-
sal contribution to either the b-b-A or t-t-A vertex after
renormalizing the fine structure constant n. This can be
explicitly checked in this model. Furthermore, up to the
order of m~2 ln m~, the vertex b-b-Z is not modified which
agrees with the ass»mption we made in Sec. II that there
exist dynamics of electroweak symmetry breaking so that
neither bR-bR-Z nor bl, -bI,-Z in the effective Lagrangian
is modified at the scale of m~.

From this example we learn that the effective couplings
of the top quark to gauge bosons arising from a heavy
Higgs boson are correlated in a specific way: namely,
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[This relation in general also holds for models with a
heavy scalar which is not necessarily a SM Higgs boson,
i.e., the coefEcients of the last two terms in Eq. (22) can
be arbitrary, and are not necessarily 1/2 and 1/4, respec-
tively. ] In other words, if the couplings of a heavy top
quark to the gauge bosons are measured and exhibit large
deviations &om these relations, then it is likely that the
electroweak symmetry breaking is not due to the stan-
dard Higgs boson mechanism which contains a heavy SM
Higgs boson. This illustrates how the symmetry-breaking
sector can be probed by measuring the effective couplings
of the top quark to gauge bosons.

V. DIRECT MEASUREMENT OF THE TOP
QUARK COUPLINGS

In Sec. III we concluded that the precision LEP data
can constrain the couplings ~&, x&, and e&, but not
~(+ (the right-handed charged current). In this section
we examine how to improve our knowledge on these cou-
plings at the current and future colliders.

A. At the SLC

2xAIR=
11+@ (74)

with

z = 1 —4s (1+b,k'), (75)

2
E3 —C E'y

C2 —S2 (76)

Up to the order mz lnA, only e~ contributes. In our
model with the approximate custodial symmetry, i.e.,——2'& ——el„the SLC AI,~ measurement will have
a sig~i6cant inBuence on the precise measurement of the
non»~reversal couplings of the top quark. This influence
will be through decreasing the width of the allowed area
in the parameter space (xL, versus rc~) shown in Figs. 5
and 6. For instance, with an expected uncertainty 0.001
in the 1993 run on the measurement of the efFective elec-
troweak mixing angle, sin Hg = (1 —z)/4, at the SLC
[34], the width of the allowed area shown in Figs. 5 and
6 will shrink by more than a factor of 5. However, there
will be no efFect on the length of the allowed region which
in our approximation is solely determined by eg. Hence,
a more accurate measurement of es, i.e., I'(Z m bb), is
required to further confine the nonuniversal interactions
of the top quark to gauge bosons to probe new physics.

The measurement of the left-right cross section asym-
rnetry Al, ~ in Z production with a longitudinally polar-
ized electron beam at the SLC provides a stringent test
of the SM and is sensitive to new physics.

Additional constraints on the couplings +Pc, tc&, and
can be inferred &om AL,~ which can be written as

[12]

B. At the Tevatren and the LHC

In this section we study how to constrain the nonstan-
dard couplings of the top quark to gauge bosons &om
direct detection of the top quark at hadron colliders.

At the Tevatron and the LHC, heavy top quarks are
predominantly produced &om the /CD process gg, qq -+
tt and the W-gluon fusion process qg W'g ~ tb, t . In
the former process, one can probe eL and e& from
the decay of the top quark to a bottom quark and a TV

boson. In the latter process, these nonstandard couplings
can be measured by simply counting the production rates
of signal events with a single t or t. More details can be
found in Ref. 35].

To probe K&cc and ~c&c from the decay of the top quark
to a bottom quark and a S' boson, one needs to measure
the polarization of the W boson. For a massless b, the W
boson &om top quark decay can only be either longitudi-
nally or left-handed polarized for a left-handed charged
current (egc = 0). For a right-handed charged current

(+I, = —1) the W boson can only be either longitudi-
nally or right-handed polarized. (Note that the handed-
ness of the W boson is reversed for a massless b &om t
decays. ) In all cases the fraction of longitudinal W from
top quark decay is enhanced by m~2/2M~2 as compared to
the &action of transversely polarized W. Therefore, for
a more massive top quark, it is more dificult to untan-
gle the ~L+c and egc contributions. The W polarization
measurement can be done by measuring the invariant
mass (mM) of the bottom quark and the charged lep-
ton &om the decay of top quark [36]. We note that this
method does not require knowing the longitudinal mo-
mentum (with twofold ambiguity) of the neutrino &om
W decay to reconstruct the rest &arne of the W boson
in the rest &arne of the top quark.

Consider the (upgraded) Tevatron as a pp collider at
v S = 2 or 3.5 TeV, with an integrated luminosity of
1 or 10 fb . Unless specified otherwise, we will give
event numbers for a 175 GeV top quark and an integrated
luminosity of 1 fb

The cross section of the /CD process gg, qq -+ tt is
about 7 (29) pb at a v S = 2 (3.5) TeV collider. In order
to measure e& and +& we have to study the decay kine-
matics of the reconstructed t and/or t For simplici. ty, let
us consider the E+ + & 3jet decay mode, whose branch-
ing ratio is B = 2 9 9

——&» for 8+ = e+ or p,+. We assume
an experimental detection eKciency, which includes both
the kinematic acceptance and the eKciency of b tagging,
of 15%%up for the tt event. We further assiime that there
is no ambiguity in picking up the right 5 (5) to combine
with the charged lepton I+ (E ) to reconstruct t (t). In
total, there are Vpb x 10 pb x &z x 0.15 = 300 recon-
structed tt events to be used in measuring m&+c and tc&

at ~S = 2 TeV. The same calculation at ~S = 3.5 TeV
yields 1300 reconstructed tt events. Given the n»aber of
reconstructed top quark events, one can in principle Bt
the m~ distribution to measure er, and e& . We note
that the polarization of the W boson can also be studied
&om the distribution of cos 8), where 8& is the polar an-

gle of 8 in the rest frame of the R' boson whose z axis is
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the W bosons moving direction in the rest kame of the
top quark [36]. For a massless b, cos 8& is related to mM2

by

050 i i s i
[

s g s g

0.25—

I I I I
[

1 I I I
[

I I I I

Pp, 4S=2 TeV

~=175 GeV

50K————ZOX

2mM
cosHg ~

2 2
—1.

, —M~
(77)

0.00—

-0.25—
However, in reality, the momenta of the bottom quark

and the charged lepton will be smeared by the detector
efFects and the most serious problem in this analysis is
the identi6cation of the right b to reconstruct t. There
are two strategies to improve the efBciency of identifying
the right b. One is to demand a large invariant mass of
the tt system so that t is boosted and its decay products
are collimated. Namely, the right 5 will be moving closer
to the lepton from t decay. This can be easily enforced
by demanding lepton E with large transverse moment»m.
Another is to identify the nonisolated lepton from b decay
[with a branching ratio B(b -+ y,+X) 10%]. Both of
these methods will further reduce the reconstructed sig-
nal rate by an order of magnitude. How will these afFect
our conclusion on the determination of the nonuniversal
couplings ~zec and ~ezcq This cannot be answered in the
absence of detailed Monte Carlo studies.

Here we propose to probe the couplings x& and e&c
by measuring the production rate of the single-top quark
events. A single-top quark event can be produced from
either the W-gluon fusion process qg (W+g) -+ tbX, or
the Drell-Yan-type process qq —+ W' ~ tb. Including
both the single-t and single-t events, for a 2 (3.5) TeV
collider, the W-gluon fusion rate is 2 (16) pb; the Drell-
Yan-type rate is 0.6 (1.5) pb. The Drell-Yan-type event
is easily separated from the W-gluon fusion event, there-
fore will not be considered hereafter [37]. For the decay
mode of t -+ bW+ ~ bl+v, with /+ = e+ or@+, the
branching ratio of interest is B = 9. The kinematic ac-

ceptance of this event at ~S = 2 TeV is found to be 0.55
[37]. If the efBciency of 6 tagging is 30%, there will be
2pb x 103pb x 9 x 0.55 x 0.3 = 75 single-top quark
events reconstructed. At ~S = 3.5 TeV the kinematic
acceptance of this event is 0.50 which, &om the above
calculation yields about 530 reconstructed events. Based
on statistical error alone, this corresponds to a 12% and
4% measurement on the single-top cross section. A fac-
tor of 10 increase in the luminosity of the collider can
improve the measurement by a factor of 3 statistically.

Taking into account the theoretical uncertainties, we
examine two scenarios: 20% and 50% error on the mea-
surement of the single-top cross section, which depends
on both ~L+ and egc (see Fig. 11). [Here we assume the
experimental data agrees with the SM prediction within
20% (50%).] We found that for a 175 GeV top quark +L

c
and e&c are well constrained inside the region bounded
by two (approximate) ellipses, as shown in Fig. 11. These
results are not sensitive to the energies of the colliders
considered here.

The top quark produced &om the W-gluon fusion pro-
cess is almost 100% left-handed (right-handed) polar-
ized for a left-handed (right-handed) t-b-W vertex, there-
fore the charged lepton 8+ from t decay has a harder
moment»~ in a right-handed t-b-W coupling than in a

—0.50—

-0.75—

-1.00
0.0 0.2 0.4

CC[

0.8 1.0

FIG. 11. The allowed ~e~ ~
and rL, are bounded within

the two dashed (solid) lines for a 20'%%uo (50'%%uo) error on the
measurement of the single-top production rate, for a 175 GeV
top quark.

VI. AT THE NLC

The best place to probe e& and e& associated with
the t-t-Z coupling is at the NLC through e e+ —+ A, Z +

tt. (We use NLC to represent a generic e e+ supercol-
lider [24].) A detailed Monte Carlo study on the mea-
surement of these couplings at the NLC including de-
tector efFects and initial state radiation can be found in
Ref. [39]. The bounds were obtained by studying the an-
gular distribution and the polarization of the top quark
produced in e e+ collisions. Ass»~ing a 50 & bI~i-
nosity at ~S = 500 GeV, we concluded that within a 90'%%uo

con6dence level, it should be possible to measure e&
to within about 8%%uo, while egc can be known to within
about 18'%%uo. A 1 TeV machine can do better than a 500

left-handed coupling. (Note that the couplings of light
fermions to W boson have been well tested from the low
energy data to be left handed as described in the SM.)
This difference becomes smaller when the top quark is
more massive because the W boson &om the top quark
decay tends to be more longitudinally polarized.

A right-handed charged current is absent in a lin-
early SU(2)L, invariant gauge theory with massless bot-
tom quark. In this case, x& ——0, then +L, can be con-
strained to within about —0.08 & ~L,

c & 0.03 (—0.20 &
ter c & 0.08) with a 20%%uo (50%) error on the measurement
of the the single-top quark production rate at the Teva-
tron. This means that if we interpret (1+eP+) as the
CKM matrix element Vqg, then Vqg can be bounded as
Vqs ) 0.9 (or 0.8) for a 20% (or 50%) error on the mea-
surement of the single-top production rate. Recall that if
there are more than three generations, within 90% C.L.,
Vqs can be anywhere between 0 and 0.9995 from low en-
ergy data [38]. This measurement can therefore provide
useful information on possible additional fermion gener-
ations.

We expect the LHC can provide similar or better
bounds on these nonstandard couplings when detail anal-
yses are available.
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GeV machine in determining e&+ and +& because the
relative sizes of the tR(t)& and tL, (t)& production rates
become small and the polarization of the tt pair is purer.
Namely, it is more likely to produce either a tL, (t)& or
a tR(t)& pair. A purer polarization of the tt pair makes
~&Nc and rcgc better determined. (The purity of the tt
polarization can be further improved by polarizing the
electron beam. ) Furthermore, the top quark is boosted
more in a 1 TeV machine thereby allowing a better de-
termination of its polar angle in the tt system because it
is easier to 6nd the right b associated with the lepton to
reconstruct the top quark moving direction.

Finajly, we remark that at the NLC z& and z& can
be studied either &om the decay of the top quark pair or
&om the single —top quark production process, W-photon
fusion process e e+(Wp) + tX, or e p(Wp) ~ tX,
which is similar to the W-gluon fusion process in hadron
collisions.

VII. DISCUSSION AND CONCLUSIONS

In this paper we have applied the electroweak chiral
Lagrangian to probe new physics beyond the SM through
studying the couplings of the top quark to gauge bosons.
We fnst examined the precision LEP data to extract the
information on these couplings, then we discussed how

to improve our knowledge at current and future colliders
such as at the Tevatron, the LHC, and the NLC.

Because of the non —renormalizability of the elec-
troweak chiral Lagrangian we can only estimate the size
of these nonstandard couplings by studying the contribu-
tions to LEP observables at the order of m& ln A, where
A = 4+v ~ 3 TeV is the cutofF scale of the efFective La-
grangian. Already we found interesting constraints on
these couplings.

Ass»ming b-b-Z vertex is not modi6ed, we found that
~Lc is already constrained to be —0.3 & ~1 & 0.6
(—0.2 ( icPc ( 0.5) by LEP data at the 95% C.L. for
a 150 (175) GeV top quark. Although rgc and ic&+c are
allowed to be in the full range of +1, the precision LEP
data do impose some correlations among xL, xR, and

(icgc does not contribute to the LEP observables
of interest in the limit of ms = 0.) In our calculations,
these nonstandard couplings are only inserted once in
loop diagrams using dimensional regularization.

Inspired by the experimental fact p —1, re8ecting the

existence of an approximate custodial symmetry, we pro-
posed an efFective model to relate K&+ and ~&+C. We
found that the non»~reversal interactions of the top quark

gauge bosons parametrjzed by
well constrained by LEP data, within 95% C.L. The re-
sults are summarized in Table I (see also Figs. 5 and 6).
Also, the two parameters ~I, ——e&+ and KR ——++R are
strongly correlated. In our model, ~L, 2~R.

We note that the relations among ~'s can be used
to test different models of electroweak symmetry break-
ing. For instance, a heavy SM Higgs boson (m~ ) m&)
will modify the couplings t-t-Z and t-b-W of a heavy
top quark at the scale m~ such that ~x~c 2K&cc

and K, =0.I. R ~ R
It is also interesting to note that the upper bound on

the top quark mass can be raised &om the SM bound
m~ ( 200 GeV to as large as 300 GeV if new physics
occurs. That is to say, if there is new physics associated
with the top quark, it is possible that the top quark is
heavier than what the SM predicts, a similar conclusion
was reached in Ref. [7].

With a better measurement of A.L,R at the SLC, more
constraint can be set on the correlation between ~L, and
rR. To constrain the size of rI, and ~R, we need a more
precise measurement on the partial decay width F(Z ~
bb).

Undoubtedly, direct detection of the top quark at the
Tevatron, the LHC, and the NLC is crucial to measuring
the couplings of t-b-W and t-t-Z. At hadron colliders,

and e& can be measured by studying the polariza-
tion of the W boson &om top quark decay in tt events.
They can also be measured simply &om the production
rate of the single top quark event. The NLC is the best
machine to measure &g and z& which can be measured
&om studying the angular distribution and the polariza-
tion of the top quark produced in e e+ collision. Details
about these bounds were given in Sec. V.
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